We have developed a computer software package for Macintosh to simulate the metabolism and hemoglobin binding affinity of human red blood cell. The model is capable of simulating hemoglobin binding of ligands, metabolite concentrations, and metabolic fluxes at physiological steady state and in response to extracellular parameter variations, such as pH, osmolarity, glucose, and adenine concentrations. The kinetic parameters of enzymes, extracellular conditions, and initial intracellular metabolite concentrations can be specified by the user in order to model a particular situation. The software is use friendly, utilizing menu, window, and mouse to interact with the user. It also provides a pathway map of the red cell, which allows a direct access to enzyme kinetics by clicking the enzymes in the map. Metabolic model; Human erythrocyte; Erythrocyte metabolism
I. Introduction
Red blood cells have been subjected to intensive studies due to their vital functions in human body. The basic physiological function of the red cell is to deliver oxygen and carbon dioxide between the lungs and tissues. The metabolism of the red cell is thus designed to regulate the hemoglobin binding affinity with the two gases and maintain the viability of the cell. The most important metabolites involved in the red cell functions are 23DPG and ATP, concentrations of which can be sufficiently supplied and regulated by glycolysis, pentose pathway, and nucleotide synthesis processes that constitute the red cell metabolism.
ligands, and pH dependence of enzyme kinetics. We have verified the model calculation against literature experimental data; the model can predict the physiological steady state of red cell metabolism [11] and dynamic response of the red cell to an extracellular pH perturbation [12] .
A software package that simulates the red cell metabolic model has been writen for Apple Macintosh, utilizing the friendly operating system of the computer to interact with users. The package allows the user to change kinetic parameters for enzymes, to calculate steady state metabolite concentrations and fluxes, dynamic response of the cell to extracellular perturbations, variation of each enzyme activity as functions of extra-and intracellular conditions, and hemoglobin binding curves of ligands. This paper will describe the basic features of the mathematical model, the structure of the program, and the capability of the simulator, and finally provide several sample calculations.
Computational methods and theory
The red cell metabolic model accounts for 33 metabolites, 41 enzymatic reactions, 2 physicochemical constraints, and several chemical equilibrium reactions, which are individually calculated in separated subroutines. The model contains 33 ordinary differential equations with 33 metabolites concentrations as dependent variables. The kinetic rate laws and equations used to describe metabolic reactions, cofactor balances, membrane transport, osmotic balance, electroneutrality, Mg complex balance, and hemoglobin binding in the red cell are described as follows. 
Metabofic reactions
The equations that describe the transient changes in metabolite concentrations are simply dynamic mass balances. The change in amount of a substance per cell per unit time is given by the sum of all the synthetic rates minus the sum of all degradation rates (see Fig. 1 ): where C i is the concentration of variable i; Ufo is The rate expressions used to describe the irreversible reactions in red cell glycolysis
The unit for a concentration is mM, and the unit for a reaction rate is mM/h. The references shown are for the pH dependence of kinetic constants. For the kinetic expressions, see [11] . The number of concentration variables in the red cell mode, n, is 33 (Table 1 ) and the number of reaction rates, m, is 41 ( Table 2 ). The kinetic rate expression for the 41 enzymatic reactions in glycolysis, 23DPG bypass, equilibrium reactions, pentose pathway, glutathione metabolism, nucleotide synthesis, and membrane transport are given in Tables 3-10. These information about   TABLE 4 The equilibrium constants for the reversible reactions considered in this model [11] The unit for a concentration is mM.
Enzyme
Equilibrium enzyme kinetics are described in detail in the individual papers cited and summarized in [10] [11] [12] . The kinetics of metabolic pathways are coupled to several constraints: cofactor conservation, osmotic balance, electroneutrality, hemoglobin binding, magnesium complexation, and pH sensitivity of metabolic enzymes. Thus, the complete kinetic description consists of a combination of set of differential-algebraic equations, which have to be solved simultaneously to represent the metabolic state of the cell.
Cofactor balances
The model assumes that the total amount of the cofactors of redox metabolism are conserved. The conservation equations for these cofactors can be written as:
In these expressions, NADH and NADPH correspond to one stoichiometric redox of hydrogen equivalent of the system whereas GSH corresponds to 1/2 hydrogen equivalent only.
Membrane transport
Membrane transport of glucose, adenine, water, sodium, potassium, pyruvate, lactate, hydrogen, chloride, and bicarbonate ions is considered in the red cell model (Fig. 2) . Water has the highest transport rate, glucose and adenine transport is slower, chloride, bicarbonate, and hydrogen ions are even slower, and the time constants for the transport of sodium, potassium, pyruvate, and lactate ions are longer than those for other compounds. Only the transport of sodium, potassium, pyruvate, and lactate, is expressed in terms of rate equations (Table 10) ; all other transport is assumed to be at thermodynamic equilibrium across the cell membrane.
The function of chloride, bicarbonate, and hydrogen ions transport is to neutralize electrical charges inside and outside the cell, whereas water transport balances the osmotic pressure across the membrane. Glucose and adenine are taken up by the cell at such a fast rate that their intraand extracellular concentrations are assumed to be the same. Sodium and potassium ions traverse the cell membrane via a sodium/potassium pump, and passive and facilitated fluxes. The pump utilizes metabolic energy, in term of ATP, to transport sodium and potassium ions against their concentration gradients across the membrane. On the other hand, the driving force for TABLE 5 The rate expressions used to describe the kinetics of the reactions in the 2,3DPG bypass
The unit for a concentration is mM, and the unit for a reaction rate is mM/h. The references shown are for the pH dependence of kinetic constants. For the kinetic expressions, see [11] .
Enzyme
Rate expression Parameter values DPG mutase (Werner, 1985) 2,3DPG phosphatase (Rapoport, 1977) The rate expressions used to describe the kinetics of the oxidative reactions in the pentose pathway
The unit for a concentration is mM, and the unit for a reaction rate is mM/h. The references shown are for the pH dependence of kinetic constants. Kinetic expressions are given in [11] . the passive and facilitated fluxes is the concentration gradient. The steady state concentrations of both ions are the result of a balance between the pump, and the passive and facilitated fluxes.
Osmotic balance
Osmotic pressure is balanced across the membrane according to the following equations [10] :
J where R is the ideal gas constant, T denotes the temperature, th represents the osmotic coefficient, and C i is the concentration of component j. The osmotic pressure balance is satisfied by the fast water transport through the membrane. The result of the balance also determines the cell volume.
The intracellular osmolarity can be partitioned into 4 terms according to the membrane permeability of substrates and the volume-dependence of substrate concentrations: (8) where:
• H t is contributed by slow membrane permeable metabolites and cations, such as G6P, FDP, ATP, and Na, of which the rates of reaction are expressed in term of ordinary differential equations in the simulator. The concentrations of substrates included in H z vary with the cell volume, since they have relatively small membrane permeability. • H 2 is contributed by relatively fast membrane permeable substrates, such as glucose and adenine, of which the intracellular concentrations can be assumed to be at equilibrium with the extracellular concentrations. Therefore, the magnitude of /I2 is not a function of cell volume, when the external nutrient concentrations are constant. • //3 is contributed by anions, such as C1-and CO3, which transport instantaneously through the membrane to balance cation transport.
• //Hb is contributed by hemoglobin molecules.
The changes in the osmotic coefficient of hemoglobin ~bHb as a function of its concentration is given by [13] .
~brr o = 1.0 + 0.0645Hb + 0.0258Hb a (9) where the concentration of hemoglobin varies with the red cell volume v as Hb = Hb°/V.
Electroneutrality
The law of electrical neutrality of solutions applies within and outside the erythrocyte. There 2O3   TABLE 7 The rate expressions used to describe the kinetics of the non-oxidative reactions in the pentose pathway
The unit for a concentration is raM, and the unit for a reaction rate is mM/h. The references shown are for the pH dependence of kinetic constants. Kinetic expressions are given in [19] .
Enzyme
Rate expression Parameter values
Vf( RU5P -X5P/Keq )
( N1A-N2PQ)ET D1A+ D2B+ D3P+ D4Q+ D5AB+ D6PQ+ D7BQ+ DsAP whereA=X5P; B=R5P; P=GAP; Q=S7P
(N~A-N2PQ)ET DIA+ D2B+ D3P+ DaQ+ DsAb+ D6PQ+ D7BQ+ DsAP whereA=X5P; B=E4P; P=GAP; Q=F6P 
The rate expressions used to describe the kinetics of the reactions of glutathione metabolism
The unit for a concentration is mM, and the unit for a reaction rate is mM/h. The references shown are for the pH dependence of kinetic constants. Kinetic expressions are given in [11] .
Rate expression Parameter value The rate expressions used to describe the kinetics of the reactions involved in nucleotide synthesis
The unit for a concentration is mM, and the unit for a reaction rate is mM/h. The references shown are for the pH dependence of kinetic constants. Kinetic expressions are given in [11] . where z,j and Zej represent the charges on intracellular and extracellular ions. With physiological ATP level, H+/CI -and H+/HCO3 ion pairs transport is much faster than other ion pairs [14, 15] . The instantaneous cell volume change due to pH variation is then a result of fast HC1 and H2CO 3 transport. The intracellular H + concentration is buffered mostly by hemoglobin molecular, of which the dissociable functional groups concentration is the most abundant among all molecules in the red cell. Therefore, the primary source of intracellular hydrogen ions is hemoglobin molecules. Accordingly, two reactions are involved in the volume variation process when the cell is subjected to different pH media: the diassociation of hemoglobin and the cotransport of hydrogen ion and anions. 
where x is the moles of hemoglobin disassociated after a perturbation, y is the number of H+/anions pairs transported through the membrane after the perturbation, R is the ideal gas constant, T is the temperature, K e is the disassociation constant of the functional group on hemoglobin molecule, Z is the charge on the ions, F is the faraday constant, Aqt is the membrane potential, subscripts i and e represent the initial intra-and extra-cellular conditions. It can be assumed that x is approxmately equal to y since [An/] >> [Hi], and can be solved by Eqn. 14.
Mg complexation
Free Mg forms complexes with ATP, ADP, AMP, 23DPG, and their hydrogenated molecules.
TABLE 10
The rate expressions used to describe the kinetics of membrane transport processes considered in this model [11] The unit for a concentration is mM, and the unit for a reaction rate is mM/h. The references shown are for the pH dependence of kinetic constants. 
Eq. (15) (16) (17) are the 14 set of equations with fourteen unknowns, where the unknowns are the free and the magnesium complexed metabolites. If the equilibrium constants are known [8, 16] and the total amount of adenosine phosphates and 2,3DPG is known (these variables are time dependent quantities in the dynamic model), this set of equations can be solved for the unknowns.
7. Hemoglobin binding
Hemoglobin molecule binds to ligands such as 02, CO2, CI-, 23DPG, and H +. The binding affinity of a hemoglobin molecule to the ligands depends on the thermodynamic properties of the red cell plasma, e.g., the concentration of ligands. A 'state' of hemoglobin molecule is a specification of all the binding sites, together with a specification of quaternary structure of the molecule (T or R). The possibility of occurrence of a 'state' of the hemoglobin is proportional to the probability weight W of the state. Given ligand concentrations, the partition function P is the sum of the probability weights of all possible states. The partition function for hemoglobin binding can then be expressed as [17] :
P= w,,+ ( wR + wT ) (18) where WH+, W R, and W r can be further factorized: (21) The Qs are the effective association constants for the various binding reactions [17] . The occupancy number of each ligand, which is defined as the average number of the ligand molecules bound to a hemoglobin molecule, can be calculated from Eqn. 18 as follows:
where Yl is the occupancy number of ligand, 1, and can be easily calculated numerically or analytically by taking the derivative of Eqn. 18.
Program structure
The ordinary differential equations and the algebraic equations describing the red blood cell, Eqns. 1-17, are solved using the ordinary differential equation integrator DEPISODE. This li- Since the time derivative are evaluated from
where y corresponds to VC in Eqn. 1 and S is the stoichiometric matrix. One must evaluate the reaction rates from the concentration vector y that is supplied. The subroutine FSUB calls a subroutine RATES, that calculates the metabolic reaction rates given the metabolite concentrations, before carrying out the matrix multiplication specified in Eqn. 24 . RATES then in turn calls the subroutines for individual metabolic reaction rates. The parameters for each reaction rate kinetics can be altered through a menu driven format.
The reaction rate laws require concentration variables that are not any of the dynamic variables ys. These concentrations are calculated through the coupled algebraic equations. In addition, the electroneutrality and osmotic balance equations must be balanced by assigning the appropriate values to volume and Donnan ratio.
The sequence in which the calculations are carried out is; first, electroneutrality and osmolarity balance are satisfied by OSMELE, then magnesium complexes concentrations are evaluated by MGCOM, followed by the computation of individual reaction rates. Notice that all the fast processes are calculated before metabolic reaction rates because the formers are assumed to be at equilibrium at all times. Therefore, in each iteration of FSUB and RATES, all the three fast processes-electroneutrality, osmolarity balance, and magnesium complexation-will be satisfied before the slow metabolic reaction rates are calculated.
The flow diagram of the computer program is shown in Fig. 3 . All the subroutines between the MAIN program and subroutine DDIFUN belong to the ODE solver DEPISODE, which integrates dependent variables Y, given derivatives RHSi. The rest of the program takes Y,, calculates RHSi, and return the derivatives to DEPISODE.
Software package description
The initial screen display of the Macintosh software package consists of a main menu and a diagram of the metabolic pathways of the red cells. The titles in the menu include 'command', 'glycolysis', 'pentose', 'nucleotide', 'steady', and 'integration'. The users can examine each enzyme kinetic equation and change parameter values in the kinetics by either choosing the enzyme under menu titles 'glycolysis', 'pentose', and 'nucleotide', or by clicking the enzyme in the diagram of the metabolic pathways. Either way, the kinetic equations for the selected enzyme will show up in a new window, and one can decide to vary the kinetic parameters by reading them from a data file. To read the data file storing the new parameter values, the user can select item 'read file' under menu title 'read parameter'. The name of the data file must not contain any space and symbol except period '.'. In the data file the parameter values must be in the same sequence as those appeared on the screen, and a 'return' key must be used after the last data entry to serve as the 'end of file' command. To go back to the main menu after viewing kinetic equations, the user can select item 'done' under menu title 'command'.
The user can choose to calculate steady state metabolite concentrations by selecting item 'steady state' under title 'steady' from the main menu. When calculating the steady state solution, the package uses the Newton's routine and reads the initial guess from the default data file 'ss.dat'. The data in 'ss.dat' are in the following order: number of equations, the concentrations of 33 metabolites listed in Table 1 , the accuracy of the calculation, and the allowable maximum iteration for the Newton's method. The user can input new initial guess from another data file by selecting menu item 'read guess values' under the same menu title. To calculate the steady state solution, simply select item 'steady state', where the steady state solution will be calculated and saved in the text file 'steady-filename', where 'fi|ename' is the file containing the guess values ('ss.dat' in default). The format of the steady state solution output file is the 33 metabolite concentrations in the same order as in Table 1 .
To determine the response of the red cell metabolism to a perturbation, the user can select item 'integrate' under menu title 'integration' of the main menu. The perturbation can be specified in data files 'integrate.dat' and 'initial.dat'. The data in 'integrate.dat' are: the number of metabolites, the concentrations of the metabolites listed in Table 1 , the initial time, the final time of integration, the number of outputs between the initial and final time, and the relative accuracy of the calculation. The initial values of metabolite concentrations for integration can also be read interactively by choosing menu item 'read initial value' from menu title 'integration'. The data in 'initial.dat' are: osmolarity, concentrations of glucose, adenine, carbon dioxide, total glutathione, extracellular lactate, total magnesium, total NADH, Pi, PPi, extracellular pyruvate, hemoglobin, and extracellular pH. The integrated metabolite concentrations are saved in file 'concentration-filename', and the metabolite fluxes are saved in file 'flux-filename', where 'filename' is the file containing the initial conditions for integration. The output files contain the integration results at various time. It shows the number of printout, the time for integration, and 33 concentrations in Table 1, 41 fluxes in Table 2 , cell volume, Donnan ratio, Mg complexes, and hemoglobin binding coefficience. After completing the integration, metabolite concentrations or fluxes can be plotted against time by selecting items 'concentration' or 'flux' under the same menu title. If the formats of integration output files 'cmpd.out' and 'rates.out' are incorrected or altered for some reasons, errors will occur while the simulator is reading the files before plotting. The output files of integration, 'flux-filename' and 'concentration-filename', can also be read by commercial plotting packages such as Cricket Graph TM. When using a plotting routine, the user should delete the first row of each output file, which is the variable names, and specify the data format as numerical instead of alphabetic.
The response of the red cell metabolism can be calculated with the external pH, osmolarity glucose, adenine, phosphate, and lactate concentrations as functions of time. Two types of timedependent functions are available in the menu 'integration', linear and step wave. The user can choose the desired time-dependent perturbation of external parameters, and key in the slope and interception for the linear functions, or period and altitude for the step wave functions. The calculation time may vary among cases, depending on the time variation functions. A large change of external parameter creates a stiff numerical problem, and it will take a longer time to integrate such a problem, especially around the discontinuous points of the step wave functions. The user may want to be careful not to give the perturbation functions negative values or unreasonable deviation from the physiological conditions. The stage of integration will be indicated on the screen, and the user can stop the calculation by clicking the 'cancel' box several times.
The user can also examine each enzyme activity as functions of several parameters by selecting item 'enzyme vs parameter' under menu title 'command' from the main menu. Once the item is selected, a new set of menu appears. The user must first choose one parameter under menu title 'parameter', and one enzyme under menu titles, 'fast process', 'glycolysis', 'pentose', or 'nucleotide', before selecting 'calculate response' under 'commands' to calculate the chosen enzyme activity as a function of the chosen parameter. The results that show the activity or corresponding metabolite concentrations of the selected enzyme as function of the selected parameter will be plotted on the screen.
The hemoglobin binding curves can be calculated and plotted as functions of ligand concentrations by selecting menu item 'hemoglobin binding' under menu title 'command'. All the ligand concentrations will remain constant except one of them, which will be assigned a maximum and minimum value by the user. The physiological ligand concentrations will show up on the screen as the reference. The user can choose to change any of them. Then the user will assign the range of one ligand by selecting the ligand and key in the maximum and minimum values. After the calculation, the user can examine the hemoglobin binding curves by selecting the curves of interest,
Sample calculations
This section provides several examples for calculating steady state solution, varying enzyme ki-213 netic parameters, integrating the equations, plotting the integration results, and examining enzyme activities as function of some parameters. The users can follow the format of the data file provided here, but it is not necessary to use exactly the same numerical values in these examples. All the data files must be in the same folder as the simulator. To calculate steady state solution, one must prepare data files 'ss.dat', which contains the initial guess for the steady state solution. The user can create the file before running the program or while running the program using the multifinder. When using the multifinder, 0.5-1.0 MB of RAM memory must be available to the simulator. The format of file 'ss.dat' is specified in the last section of this paper, and the following is an example: A file containing the names of metabolites, 'cnames.dat', is also needed. The ideal initial guess will be the steady state solution for a set of conditions and parameters similar to the current ones. The simulator applies Newton's method to search for the solution; therefore, a bad initial guess may not converge to the true solution. Finally, choose item 'steady state' to calculate the solutions, which will be writen into the output file 'steady-ss. 
Steady state solution
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Vary enzyme kinetic parameter
To vary enzyme kinetic parameters, one needs a data file that contains a new set of kinetic parameters for the enzyme of interest. The data file can be prepared using multifinder while running the simulator. In the following example, the parameters Vmax for hexokinase is changed from 7.5095 to 8.0 and saved in file 'hk.dat': The user can also assign perturbation on pH, osmolarity, and other conditions to the red cell by changing the data file 'initial.dat'. After 'integrate.dat' is edited, choose item 'read initial value' under mean title 'integrate' to read the initial conditions. Then choose one of the time-dependent functions of external parameter under menu title 'integrate', for example, 'pH wave', and key in the period and altitude of the wave function as follows: The CPU time for integration depends on the time length and the accuracy specified by the user and how far the initial point is away from the steady state condition. The first point will take the longest CPU time to integrate, and the integration of the latter points will be significantly faster. However, the calculation around the discontinuous points of the wave function will also be slow. The integration results will be saved into several files: the metabolite concentrations in 'concentrationl-integrate.dat', 'concentration2-integrate.dat' and so on, an enzyme fluxes in 'fluxl-integrate.dat', 'flux2-integrate.dat', and so on: .. 0 0 O00E-01 1.2853E+00 1.5702E+02 1.2125E÷00 1.2125E+00 1.2125E+00 2,4978E+00 2.0018E+00 4 9608E-01 1 0 O00E-02 1.2853E+00 1.5702E+02 1.2125E+00 1.2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 4 9608E-01 2 0 O00E-02 1.2853E+00 1.5702E+02 1.2125E+00 1.2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 4 9608E-01 3 0 O00E-02 1.2853E+00 1.5702E+02 1.2125E+00 1,2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 4 9608E-01 4 0 O00E-02 1.2853E÷00 1.5702E+02 1.2125E+00 1,2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 4 9608E-01 5 0 O00E-01 1.2853E÷00 1.5702E+02 1.2125E+00 1,2125E+00 1.2125E+00 2.4978E+00 2. More sophisticated plots may be obtained by reading and reformating the output files from other graphic software packages.
Enzyme activity vs parameter
To calculate enzyme activity as a function of a parameter, simply choose item 'enzyme vs parameter' under menu title 'command'. However, this calculation can be performed only after a steady state solution is obtained, since the calculation is based on the reference metabolite concentrations given in 'steady-ss.dat' or whatever file containing the steady state solutions. Choose the parameter under 'parameter' and give the range of the parameter. For example, pH: 
Hemoglobin binding curve
To calculate the hemoglobin binding curves, choose 'hemoglobin binding' under 'command', and a list of reference ligand concentrations will appear. Change the reference ligand concentrations by typing the corresponding number and keying in the new concentration, or type 8 to continue to next step.
Then select the variable ligand concentration and give the maximum and minimum values. In the above example, pH is varied from 5 to 9. After a few seconds of calculation, the following will show up on the screen: 
Simulation results
This section presents simulation results calculated from the model. These calculations also illustrate the utility of the red cell metabolic model.
Steady state metabolite concentrations
One of the primary capabilities of this program is to predict the steady state metabolic concentrations under a given condition. This calculation can be applied to study the red cell metabolism under (1) enzyme deficiency: where any kinetic parameter of the 43 red cell enzymes can be varied in the model, (2) altered extracellular conditions: such as pH, osmolarity, glucose, and lactate, and (3) abnormal intracellular hemoglobin, magnesium, total GSH, NADH, and NADPH concentrations. The physiological steady state metabolic concentrations are calculated and compared with the literature data ( Table 11 ). The calculated numbers agree well with the experimental data. It is worthwhile to note that the intracellular concentration data for human red cell may vary from one subject to another due to [29, 30] various genetic or pathological reasons, and the data in Table 11 are for a typical human [18] .
Hemoglobin binding affinity with ligands
The major function of red blood cell is to transport oxygen from the lungs to tissues, and deliver carbon dioxide in the reverse direction. Therefore, it is important to be able to predict the hemoglobin binding affinity with its ligands under various conditions. The physiological ligands of hemoglobin molecule includes 02, CO2, CI-, 23 DPG, and H ÷. The interactions between all five ligands with the hemoglobin molecule are accounted for in the metabolic model. The hemoglobin oxygen binding affinity (¥o2) under different 23DPG concentrations calculated from the red cell model is shown in Fig. 4 . The calculations compare well with the experimental data as discussed in [17] . The results indicate that the hemoglobin molecule becomes more rigid and has less affinity with 0 2 when 23DPG concentration increases.
Metabolic response to extracellular perturbation
The extracellular conditions of red cell may not be constant under experimental or physiological conditions. The red cell metabolic model is capable of predicting the metabolic response of red cell to a perturbation of extracellular glucose, pH, osmolarity, lactate, or pyruvate. For example:
The normal blood glucose concentration is 5 mM . Suppose a subject eats a meal every 8 h, and his/her blood glucose level remains at 8 mM for 4 h after a meal and then drops to 5 mM until the next meal. As a result, the blood glucose concentration follows a periodic perturbation.
[20] and rises to 8 mM after a meal. Suppose a subject eats a meal every 8 h, and his/her blood glucose level remains at 8 mM for 4 h after a meal and then drops to 5 mM until the next meal. As a result, the blood glucose concentration follows a periodic perturbation shown in Fig. 5 . The response of red cell intracellular G6P and ATP to the glucose perturbation are calculated from the model and shown in Fig. 6 . The results indicate that G6P responds with a significant variation since it is a direct metabolite produced from glucose by enzyme hexokinase. However, the red cell is able to maintain a stable energy (ATP) level regardless of the glucose perturbation. 
Hardware and software specification
This software package is written for a Macintosh computer with 68020 processor and 68881 coprocessor (such as Mac II and Mac Ilci). The memory requirement for this program is 1 MB. Data files can be edited by a text file editor such as Edit TM.
